Seep sediments are dominated by intensive microbial sulfate reduction coupled to the anaerobic oxidation of methane (AOM). Through geochemical measurements of incubation experiments with methane seep sediments collected from Hydrate Ridge, we provide insight into the role of iron oxides in sulfate-driven AOM. Seep sediments incubated with 13 C-labeled methane showed cooccurring sulfate reduction, AOM, and methanogenesis. The isotope fractionation factors for sulfur and oxygen isotopes in sulfate were about 40‰ and 22‰, respectively, reinforcing the difference between microbial sulfate reduction in methane seeps versus other sedimentary environments (for example, sulfur isotope fractionation above 60‰ in sulfate reduction coupled to organic carbon oxidation or in diffusive sedimentary sulfate-methane transition zone). The addition of hematite to these microcosm experiments resulted in significant microbial iron reduction as well as enhancing sulfate-driven AOM. The magnitude of the isotope fractionation of sulfur and oxygen isotopes in sulfate from these incubations was lowered by about 50%, indicating the involvement of iron oxides during sulfate reduction in methane seeps. The similar relative change between the oxygen versus sulfur isotopes of sulfate in all experiments (with and without hematite addition) suggests that oxidized forms of iron, naturally present in the sediment incubations, were involved in sulfate reduction, with hematite addition increasing the sulfate recycling or the activity of sulfur-cycling microorganisms by about 40%. These results highlight a role for natural iron oxides during bacterial sulfate reduction in methane seeps not only as nutrient but also as stimulator of sulfur recycling.
Seep sediments are dominated by intensive microbial sulfate reduction coupled to the anaerobic oxidation of methane (AOM). Through geochemical measurements of incubation experiments with methane seep sediments collected from Hydrate Ridge, we provide insight into the role of iron oxides in sulfate-driven AOM. Seep sediments incubated with 13 C-labeled methane showed cooccurring sulfate reduction, AOM, and methanogenesis. The isotope fractionation factors for sulfur and oxygen isotopes in sulfate were about 40‰ and 22‰, respectively, reinforcing the difference between microbial sulfate reduction in methane seeps versus other sedimentary environments (for example, sulfur isotope fractionation above 60‰ in sulfate reduction coupled to organic carbon oxidation or in diffusive sedimentary sulfate-methane transition zone). The addition of hematite to these microcosm experiments resulted in significant microbial iron reduction as well as enhancing sulfate-driven AOM. The magnitude of the isotope fractionation of sulfur and oxygen isotopes in sulfate from these incubations was lowered by about 50%, indicating the involvement of iron oxides during sulfate reduction in methane seeps. The similar relative change between the oxygen versus sulfur isotopes of sulfate in all experiments (with and without hematite addition) suggests that oxidized forms of iron, naturally present in the sediment incubations, were involved in sulfate reduction, with hematite addition increasing the sulfate recycling or the activity of sulfur-cycling microorganisms by about 40%. These results highlight a role for natural iron oxides during bacterial sulfate reduction in methane seeps not only as nutrient but also as stimulator of sulfur recycling.
redox | anaerobic respiration | deep-sea | methanotrophy | ANME archaea M icrobial dissimilatory processes generate energy through the decomposition of substrates, whereas assimilatory processes use substrates for intracellular biosynthesis of macromolecules. The most known and energetically favorable dissimilatory process is the oxidation of organic carbon coupled to oxygen as terminal electron acceptor (Eq. 1). In sediments with a high supply of organic carbon, oxygen can be depleted within the upper few millimeters, leading to anoxic conditions deeper in the sediment column. Under these conditions, microbial dissimilatory processes are coupled to the reduction of a series of other terminal electron acceptors besides oxygen (1) . The largest free-energy yields are associated with nitrate reduction (denitrification), followed by manganese and iron oxide reduction, and then sulfate reduction. Due to the high concentration of sulfate in the ocean, dissimilatory bacterial sulfate reduction (Eq. 2) is responsible for the majority of organic matter oxidation in marine sediments (2) . Below the depth of sulfate depletion, traditionally the only presumed process is methanogenesis (methane production), where its main pathways are fermentation of organic matter, mainly acetate (Eq. 3), or the reduction of carbon dioxide with hydrogen as substrate (Eq. When methane that has been produced deep in sediments diffuses into contact with an available electron acceptor, it can be oxidized (methanotrophy). Methanotrophy is the main process that prevents the escape of methane produced within marine and fresh water sediments into the atmosphere. In fresh water systems, methanotrophic bacteria are responsible for oxidizing methane to dissolved inorganic carbon (DIC) typically using oxygen as an electron acceptor (4, 5) . In marine sediments, however, where oxygen diffusion is limited, anaerobic oxidation of methane (AOM) coupled to sulfate reduction [e.g., refs. 6 and 7 (Eq. 5)] has been shown to consume up to 90% of the methane produced within the subseafloor environment (8) . Often, when methane is present, the majority of sulfate available in marine pore fluids is reduced through sulfate-driven AOM (9-13):
Other electron acceptors such as nitrate and oxides of iron and manganese, could also oxidize methane anaerobically and provide a greater free-energy yield than sulfate-coupled methane oxidation (14) . Indeed, Beal et al. (15) showed the potential for iron-and manganese-driven AOM in microcosm experiments with methane seep sediments from Eel River Basin and Hydrate Ridge, and iron-driven AOM has been interpreted from modeling geochemical profiles in deep-sea sediments (13, 16) .
Significance
Anaerobic oxidation of methane (AOM) coupled to sulfate reduction has been shown to consume up to 90% of the greenhouse gas methane produced within the subseafloor environment; however, the mechanism of this process has remained enigmatic. Here, we provide geochemical evidence based on sulfur, oxygen, and carbon isotopes for the involvement of iron oxides in sulfate-driven AOM in methane seeps. Our results suggest that, beyond the function of iron as nutrient, the presence of iron oxides stimulates sulfate-driven AOM to a greater extent than in sediments with low concentrations of iron oxides. The isotope analyses further indicate that sulfate reduction in methane seep habitats differs than sulfate reduction in diffusive profiles in and above the sulfatemethane transition zone.
AOM has been shown to occur in nonmarine sediments via denitrification (17) (18) (19) (20) (21) and iron reduction (22, 23) . However, all geochemical and microbiological studies point to sulfate-driven AOM as the dominant sink for methane in marine sediments.
Sulfate-driven AOM is understood to involve microbial consortia of archaea and bacteria affiliated with archaeal methanotrophs ("methane oxidizers") and sulfate-reducing bacteria (11, 24) . A common view is that anaerobic methanotrophic archaea (ANME) oxidize methane, while the sulfate-reducing syntrophic partner scavenges the resulting reducing equivalents to reduce sulfate to sulfide (7, 25, 26) . Recently, however, cultured AOM enrichments from seeps were reported to be capable of direct coupling of methane oxidation and sulfate reduction by the ANME-2 archaea, with the passage of zero valent sulfur to a disproportionating bacterial partner, capable of simultaneously oxidizing and reducing this substrate to sulfate and sulfide in a ratio of 1:7, respectively (27) . Whether this "single organism mechanism" for sulfate-driven AOM is widespread in the natural environment, or whether there is a diversity of mechanisms for sulfate-driven AOM, remains enigmatic.
Carbon isotopes provide a good constraint on the depth distribution and location of methanogenesis and methanotrophy because of the carbon isotope fractionation associated with these processes (e.g., refs. 28 and 29). During methanogenesis, 12 C is strongly partitioned into methane; the δ 13 C of the methane produced can be between −50‰ to −110‰. In parallel, the residual DIC pool in methanogenic zones becomes highly enriched in 13 (32) (33) (34) (35) . As sulfate is reduced to sulfide via intracellular intermediates (34, (36) (37) (38) (39) (40) , the magnitude of this sulfur isotope fractionation depends upon the isotope partitioning at each of the intercellular steps and on the ratio between the backward and forward sulfur fluxes within the bacterial cells (34, 36) .
Oxygen isotopes in sulfate, however, have been shown to be strongly influenced by the oxygen isotope composition of water in which the bacteria are grown (41) (42) (43) (44) (45) . The consensus is that, within the cell, sulfur compounds, such as sulfite, and water exchange oxygen atoms; some of these isotopically equilibrated molecules return to the extracellular sulfate pool. As all of the intercellular steps are considered to be reversible (e.g., refs. 34, 36, 46, and 47), water-oxygen is also incorporated during the oxidation of these sulfur intermediates back to sulfate (41) (42) (43) (48) (49) (50) (51) .
Therefore, both oxygen and sulfur isotopes in the residual sulfate during dissimilatory sulfate reduction are affected by the changes in the intracellular fluxes of sulfur species. However, these isotopes in the residual sulfate are affected in different ways, and thus the change of one isotope vs. the other helps uniquely solve for the relative change in the flux of each intracellular step as sulfate is being reduced (42, 43, 50) . The sulfur and oxygen isotope composition of residual sulfate has been used to explore the mechanism of traditional (organoclastic) sulfate reduction both in pure culture (e.g., refs. 44, 45, and 52) and in the natural environment (e.g., refs. 12, 49, 50, and 53-55). The coupled isotope approach has been used specifically to study sulfate-driven AOM recently in estuaries (56) . In the work of Antler et al. (56) , it was shown that the oxygen and sulfur isotopes in the residual sulfate in the pore fluids are linearly correlated during sulfate-driven AOM, whereas during organoclastic bacterial sulfate reduction, the isotopes exhibit a concaved curve relationship.
Although iron and manganese oxides should be reduced before the onset of dissimilatory bacterial sulfate reduction in the natural environment from thermodynamic considerations, due to their low solubility, they may not be completely reduced through dissimilatory respiration when sulfate reduction starts (e.g., ref. 22) . These lower reactivity manganese and iron oxides therefore may still be present during the lower-energy yielding anaerobic processes such as sulfate reduction, methanotrophy, and methanogenesis. Indeed, iron oxides have been shown to serve as electron acceptors for methane oxidation even in the sulfate "zone" (15, 16, 22, 57) , although the mechanism of this coupling remains enigmatic. In the context of deep-sea methane seep ecosystems, earlier work by Beal et al. (15) demonstrated stimulation of AOM by the addition of iron and manganese oxides in sediment incubation experiments. In that work, however, the nature of the coupling between methane oxidation and metal oxides was not ascertained, and the multiple links between the sediment sulfur, iron, and methane cycles are equivocal.
Here, we conducted microcosm experiments with sediments collected from Hydrate Ridge South ( Fig. S1 ) and used synergistic combinations of isotope analyses (δ 34 S SO4 , δ 18 O SO4 , and δ 13 C DIC ) to aid in assessing whether methane oxidation is directly coupled to the respiration of iron oxides or whether stimulation in methanotrophy is a result of the coupling between iron and sulfate. We provide compelling evidence for the stimulation of AOM in seep sediments through the coupling between iron and sulfate, and propose a mechanism for iron involvement in sulfate-driven AOM. Using microcosm experiments with seep sediments dominated by sulfate-driven AOM and amended with hematite and 13 C-labeled methane and glucose, we are able to demonstrate the role of iron in sulfate-driven AOM. Hematite is a less reactive form of iron oxide than, for example, amorphous iron (58), and it was used to prevent the microbial populations from "switching" completely to the more energetically favorable process of iron reduction.
Results
The incubation experiment was performed over the course of several months because of the long doubling time of the microorganisms involved in sulfate-coupled methane oxidation (∼3 mo; refs. 59-61). Fig. 1 presents the results of the concentration of ferrous iron, methane, sulfate, and DIC over the course of the 6-mo experiment. Hematite was added to the bottles with the addition of 13 CH 4 (Table  S1) , and measurements were performed on the day of hematite addition and approximately every 30 d thereafter.
Ferrous iron concentrations show that the addition of 12.5 mM hematite resulted in intensive biological reduction of ferric iron to ferrous iron of about 150 μM after 30 d (and no increase in the killed control) (Fig. 1A ). After about 80 d, ferrous iron concentrations started to decrease, accompanied by the appearance of black particles that were likely iron sulfides (Fig.  S2) . Thus, iron reduction might continue past this point of the experiment but is masked by this iron-mineral precipitation. The seep sediments used in these experiments were selected because they (or adjacent cores) were shown to have active net anaerobic oxidation of methane; however, the methane concentration results from our experiments suggest some additional, if slight, production of methane of about 100 μM in all nonkilled bottles (Fig. 1B) , maybe due to back reaction of AOM process, as suggested by Holler et al. (47) and Yoshinaga et al. (62) . It seems also that methane was released by diffusion from the slurries to the headspace in all bottles, explaining the increase in methane concentration after the initial first day measurement also in the killed bottles (63) . Sulfate concentrations (Fig. 1C) show a significant decrease with time from initial concentrations of ∼24 to ∼12 mM in all of the nonkilled bottles after 180 d, where in the case of the hematite addition, concentrations of sulfate significantly started to decrease only after 30 d. DIC concentrations show, as expected, an increase with time due to the fact that the net of all these dissimilatory processes release DIC to the solution, resulting in a change from 7 to 12 mM over 260 d (Fig. 1D) . The isotope measurements for DIC and sulfate are shown in Figs. 2 and 3 . The δ 13 C DIC results (Fig. 2) reveal that the addition of 13 C-labeled glucose or methane resulted in the production of 13 C-labeled DIC, indicating that the 13 C-labeled carbon source was oxidized through anaerobic respiration in the case of glucose, or AOM in the case of methane; this occurred before the first measurement (at 76 d). The addition of hematite increased the δ 13 C DIC above both the killed control and "methane-only" amended bottles (Fig. 2B) , demonstrating the involvement of iron in the anaerobic oxidation of methane, consistent with the findings of Beal et al. (15) . Mass balance calculation indicates that with the hematite addition, all of the labeled methane in the slurry was converted to labeled DIC. The δ 18 O SO4 and δ 34 S SO4 (Fig. 3) show similar patterns of increasing with time over the course of the experiment in all of the nonkilled bottles, consistent with bacterial sulfate reduction removing the lighter sulfur and oxygen isotopes from the residual sulfate pool. Notably, for both sulfur and oxygen isotopes, the addition of hematite resulted in less of an increase in the sulfur and oxygen isotope composition by approximately onehalf relative to the experiments performed without hematite.
Discussion
The geochemical and isotope results from this incubation experiment (Figs. 1-3) indicate that iron reduction, sulfate reduction, AOM, and methane production co-occurred in these experiments. These results emphasize that the traditional redox order of anaerobic bacterial respiration (1) is highly simplified, where in sediments such as these seeps, all of these processes can coexist with complex couplings among them. The presence of AOM in these sediments is indicated by the transformation of isotopically labeled methane to labeled DIC (with and without hematite addition).
The potential of iron-driven AOM in methane seep sediments was shown first by Beal et al. (15) . We have now demonstrated iron-driven AOM using a far less reactive iron oxide-hematite (58)-here in the presence of environmentally relevant concentrations of sulfate (∼24 mM), rather than under sulfate-limited conditions. During the Beal et al. (15) experiment, the role of iron oxides in AOM-for example direct electron transfer from the methane to the iron or indirect stimulation-was not determined. Here, the use of multiple isotopes enabled us to better constrain the potential links between iron and AOM in marine sediments.
The increase in δ 13 C DIC over the course of the experiment with the addition of hematite (Fig. 2) can be explained in two different ways: (i) direct iron-driven AOM; and (ii) indirect iron stimulating sulfate-driven AOM. A third possibility is that hematite just inhibits methanogenesis; however, this inhibition should not impact the sulfur and oxygen isotopes in sulfate, where we see a change in sulfur and oxygen isotopes (and also the same methane concentration trend in this treatment); therefore, it is unlikely that inhibition of methanogenesis is occurring. In the case of iron oxides indirectly stimulating sulfate-driven AOM, the addition of hematite may increase intracellular or intercellular sulfur recycling of intermediates as suggested by Holmkvist et al. (64) . Holmkvist et al. (64) noted that the oxidation of sulfide to sulfur intermediates was metabolically coupled to the reduction of iron oxides, which then accelerated disproportionation of these intermediates to sulfide and sulfate in what is termed a "cryptic" sulfur cycle. This process would stimulate sulfate recycling and thus increase the rates of sulfate-driven AOM and increase 13 C DIC . Our multiple isotope analysis can be used to distinguish between the possibilities of direct iron-driven AOM and this indirect iron stimulation of sulfate-driven AOM, and more directly determine the involvement of iron in AOM by microorganisms in deep-sea methane seep sediments.
Oxygen and sulfur isotopes in the residual sulfate during bacterial sulfate reduction can be used to explore the mechanism of sulfate reduction coupled to AOM, and below we discuss two important observations using these isotopes: (i) the sulfur and oxygen isotope fractionations and their linear ratio within methane seeps with high rates of sulfate reduction, and (ii) the significantly lower sulfur and oxygen isotope fractionation in the incubation experiments with the addition of hematite.
High sulfate reduction rates were observed in our experiments. Based on the decrease in the concentration of sulfate with time, we calculate that the net sulfate reduction rate was about 1·10 ·s −1 (50)]. It has been shown that high sulfur isotope fractionation (up to ∼70‰) correlates with low sulfate reduction rates (e.g., refs. 39 and 40), which is likely due to the increased reoxidation of intracellular sulfur intermediates and full expression of isotope effects associated with each enzymatic step. Conversely, lower sulfur isotope fractionation has been observed during high rates of bacterial sulfate reduction, which is likely due to higher unidirectional throughput of sulfur through bacterial cells and less reoxidation of the intracellular intermediates (e.g., refs. 39, 40, 68, and 69). Oxygen isotopes in sulfate are particularly sensitive to changes in the reoxidation of sulfur intermediates because of their tendency to exchange oxygen atoms with water within the bacterial cells.
Only a few studies have measured both the sulfur and oxygen isotope fractionation during sulfate-driven AOM, predominantly in the environment (12, 55, 56, 70, 71) . The overall sulfur isotope fractionation during AOM in seeps has been shown to be lower than the sulfur isotope fractionation of traditional organoclastic bacterial sulfate reduction or sulfate-driven AOM in long, diffusive profiles. For example, Deusner et al. (71) showed recently in slurry experiments with high unlimited methane concentrations (mimicking seeps) sulfur isotope fractionations of around 20-40‰ during sulfate-driven AOM. In this study, with methane seep sediments, we demonstrate a sulfur isotope fractionation between 21‰ (with the labeled methane and hematite addition) and 40‰ (just with labeled methane), and oxygen isotope fractionation approximately one-half the magnitude of the sulfur isotope fractionation in both experiments. These results fit the experimental data of Deusner et al. (71) . The increase in DIC concentration and the decrease in sulfate concentration have the stoichiometry expected by AOM (1:−1) and not that of regular (organoclastic) sulfate reduction (2:−1), supporting also the dominance of AOM over oxidation of other organic compounds. However, it seems that organoclastic bacterial sulfate reduction also occurs in our sediments. This is based on the high 13 C-DIC values with the addition of glucose. In addition, organoclastic bacterial sulfate reduction is evident in our experiments with the slightly higher sulfur and oxygen isotope composition in the glucose addition (highest with labeled glucose addition, slightly lower with labeled methane addition, and much lower with labeled methane and hematite addition; Fig. 3 ). The slope in a cross plot of δ 18 O SO4 vs. δ 34 S SO4 can be used also to elucidate different types of sulfate reduction (42, 43, 49, 50) . Inherent in the interpretation of this slope is how oxygen isotopes in sulfate behave during sulfate reduction, whether only equilibrium oxygen isotope fractionation between sulfur intermediates and water is considered important or whether kinetic oxygen isotope effects at each step are also considered (42, 43, 50, 51) . Consideration of both equilibrium and kinetic oxygen isotope effects during sulfate reduction suggests that a larger increase in sulfur and oxygen isotope fractionation correlates with more reoxidation of sulfur intermediates. If the equilibrium oxygen isotope effect dominates, then a linear correlation between δ 18 O SO4 vs. δ 34 S SO4 is explained as the tangent of a concave curve, where the curve asymptotically approaches to complete equilibrium between sulfur intermediates and ambient water. If kinetic oxygen isotope effects dominate, then high rates of sulfate reduction with less back reaction of sulfur intermediates lead directly to a linear relationship with low slope (Fig. 4, trend A) . In this latter model, lower rates of sulfate reduction with more back reaction of sulfur intermediates lead to the apparent linear phase (higher slope) and asymptotic equilibrium for δ 18 O SO4 value typical to sulfite exchange with water and oxidation (Fig. 4, trend B) .
In our seep experiment incubations, a cross plot of δ 18 O SO4 vs. δ 34 S SO4 , with and without hematite addition, reveals that the data fall on a line with slope of 0.50 (r 2 = 0.99) (Fig. 5 ). If we take this slope as a strict indication of the mechanism of bacterial sulfate reduction, our methane seep sediments are dominated by both organoclastic sulfate reduction and sulfate-driven AOM with a predominance of sulfate-driven AOM: according to Antler et al. (56) , the oxygen and sulfur isotopes in the residual sulfate in the pore fluids are linearly correlated during intensive sulfate-driven AOM with slope of ∼0.4, whereas during organoclastic bacterial sulfate reduction, the isotopes evolve in a concaved relationship with apparent linear stage with a slope greater than 0.7.
Addition of hematite to the slurries led to significant microbial iron reduction, stimulated sulfate-driven AOM, and lowered the magnitude of the isotope fractionation of both sulfur and oxygen isotopes in sulfate by about 50% (Fig. 3) . These results indicate clearly the involvement of iron oxides during sulfate reduction in seeps. The fact that all experimental setups, with and without hematite addition, fall on the same line in a plot of δ 18 O SO4 vs. δ 34 S SO4 means that the same mechanism for sulfate reduction existed in all of them. This suggests that the relative forward and backward fluxes within the cells of the microbial communities were the same in all experiments, despite changes in the environmental conditions imposed, including the addition of different carbon sources (glucose and methane) and the addition of hematite. The only difference seems to be the significant 50% smaller overall expressed sulfur and oxygen isotopic fractionation with the addition of hematite (Fig. 3) , although the two isotopes evolve relative to one another in a similar manner (Fig.  5) . The fact that the slope does not change implies that the addition of hematite stimulates the natural process that was already occurring in the sediment. These results, together with the increase in 13 C-labeled DIC in the hematite experiments, indicate that the reduction of natural iron oxides has a role during sulfatedriven AOM. The addition of hematite in our experiments enhanced natural sulfate reduction and intermediate valence state sulfur recycling, thus increasing the gross rates of sulfate reduction and only impacting slightly the overall net sulfate reduction (with the hematite treatment), and lowering the sulfur and oxygen isotope fractionation. The presence of highly reactive iron oxides in the natural sediments was checked using diluted ascorbic acid [with the same procedure of Sivan et al. (22) ] and indeed high levels of reactive iron oxides were found in these seeps (∼0.2%).
It can be seen that the use of the sulfur and oxygen isotopes in sulfate narrows the initial two options regarding the involvement of iron in the anaerobic oxidation of methane. The first option, that of direct iron-driven AOM, would compete with sulfatedriven AOM and thus would cause a decrease in sulfate reduction rates-here, no decrease was observed in the rate of sulfate removal over time. In addition, a decrease in sulfate reduction rates should lead to an increase in the sulfur and oxygen isotope fractionation during sulfate reduction, where we observe a decrease. The second option, iron stimulation of sulfate-driven AOM, is consistent with all our geochemical measurements; it would increase the rates of sulfate-driven AOM and the recycling of sulfate and would result in a corresponding decrease in the sulfur and oxygen isotope fractionation. Our observations show that iron oxides can stimulate sulfate reduction significantly and, in the case of sulfate-coupled AOM, can stimulate methanotrophy.
In the environment, iron as a key nutrient limits sulfate reduction and may impact the flow of sulfur through the microbial community and therefore the expressed isotope fractionation [e.g., Sim et al. (Table S1 ).
(72)]. In our experiments amended with high levels of hematite, another plausible explanation is that the redox reaction of oxidized iron with sulfide produced during sulfate-driven AOM or/and precipitation of iron sulfide minerals accelerates sulfate-driven AOM. This occurs by creating more thermodynamically favorable conditions through the removal of the end products, along with the reduction of hematite and other iron oxide compounds (73) . It is also possible that iron oxides are recycled and used again by reduction and then reoxidation.
Redox coupling between sulfur and iron resulting in the recycling of sulfur has been previously demonstrated. For example, microbial studies in terrestrial environments illustrated that ferrihydrite can be reduced to ferrous iron through sulfur cycling with intermediate sulfur compounds like thiosulfate and elemental sulfur as the primary reductant (74, 75) . These authors also suggested that extremely insoluble iron minerals at ocean Eh-pH could be reduced through similar electron shuttling by intermediate valence state sulfur species. As mentioned above, Holmkvist et al. (64) also showed redox reactions between iron oxides and sulfide (FeS or pyrite) greatly increased sulfate recycling.
It is difficult at this stage to determine the specific pathway of sulfate reduction in the methane seep sediments observed in our study. This mechanism must explain both rapid rates of sulfate reduction, some recycling of sulfur intermediates, and a linear relationship between sulfur and oxygen isotopes. The most reasonable explanation is to keep the "traditional" sulfate reduction mechanism in the linear, more kinetically driven, stage (trend A in Fig. 4 ) with both sulfur and oxygen increasing as in a Rayleighstyle distillation and recycling by iron of up to 40% [shown by Antler et al. (50) to be the maximum possible recycling that keeps a linear curve]. Another possibility is that our results complete the AOM mechanism recently shown by Milucka et al. (27) . In this alternative AOM mechanism, sulfur disproportionating bacteria simultaneously oxidize and reduce zero valance sulfur intermediates to sulfate and sulfide, respectively, in a ratio of 1:7. This mechanism can be completed and the fate of sulfide altered by adding iron, where the presence of iron oxides would help oxidize sulfide to elemental sulfur and polysulfides and then these intermediates would subsequently disproportionate to sulfate and sulfide, as shown by Holmkvist et al. (64) . Addition of hematite would increase this recycling without changing the mechanism, thus lowering the expressed sulfur and oxygen isotope fractionation without significantly increasing the net rate of sulfate reduction. It is not clear yet, however, how the sulfur and the oxygen isotopes increase in the same ratio (of ∼0.5) in this mechanism. One option is that the linear curve between these isotopes represents a mixing line between the residual sulfate from the ANME reduction and the produced sulfate from the disproportionation, which is always isotopically lighter than the residual sulfate pool. The problem would then be to explain the small sulfur and oxygen isotope fractionation during disproportionation, and the constant relative values, although if this end member is small then our results remain valid.
Conclusions
In this study, we documented the coexistence of sulfate reduction, iron reduction, AOM, and methanogenesis in marine seep sediments. This emphasizes that the traditional redox order of bacterial respiration is highly simplified, where, in sediments such as these seeps, all of these processes can occur together with complex couplings between them. The links between these processes were explored, and it was shown that iron reduction is involved in sulfatedriven AOM in seep sediments, stimulating the rate of this microbial process. Our results suggest that, beyond the functions of iron as nutrient, the presence of iron oxides stimulate sulfate-driven AOM to a greater extent than in sediments with low concentrations of iron oxides. We demonstrate also that sulfate reduction in seeps differs from sulfate reduction in diffusive profiles in and above the sulfate-methane transition zone. This is consistent with recent sulfur isotope fractionation in sulfate recorded from other seep sites under high methane partial pressures (71) .
Materials and Methods
Experimental Design. Samples for this study were collected from an area of active methane seepage at Hydrate Ridge South (44°34.09N; 125°9.14; water depth, 774 m), 100 km offshore of Oregon, using the manned submersible Alvin during R/V Atlantis cruise AT 15-68 on August 1, 2010. Microcosm incubation experiments were performed with seep sediments collected beneath a sulfide-oxidizing microbial mat by push coring (AD4629 PC-9; #3443) (Fig.  S1 ). The push core was processed shipboard according to Orphan et al. (24) into 3-cm intervals and sealed in Mylar bags flushed with N 2 gas at 4°C before microcosm setup. Slurries using sediment from the 9-to 12-cm depth horizon were homogenized in an anaerobic chamber using N 2 purged artificial filtered seawater (final ratio of 1:7 of sediment to seawater). Ten sterile (autoclaved) serum bottles (120-mL volume) were each filled with 50 mL of slurry, and 0.1 g of fine grain hematite was added to four bottles (#4-5) for final concentrations of ferric iron of 12.5 mM. The bottles were sealed then with butyl rubber stoppers. All bottles were then purged twice (5 min each time) with N 2 /CO 2 (80/20) and the biological activity was inhibited in two bottles by autoclaving (#5). One hundred microliters of carbon-13 label for methane was injected into eight bottles (#2-5) for final concentration of ∼5 μM in the slurry and 150 μM in the headspace, and 50 μL of carbon-13 glucose was injected to six bottles (#1, 2, 5) for final concentration of 50 μM in the slurry. The list of bottles and treatments are described in Table S1 . The incubations were maintained in dark at 10-14°C and sampled periodically over 6 mo.
Analytical Methods. One milliliter of headspace sample was taken for methane analysis from each crimped vial with a gas-tight pressure lock after the bottle was shaken vigorously. Methane concentrations were measured by a gas chromatograph equipped with a flame ionization detector with error of 3%. Three milliliters of the slurry solution were filtered through a 0.45 μm filter and sampled for ferrous iron concentrations (1 mL), the concentration of DIC, and its carbon isotope composition (δ 13 C DIC ;
1 mL) and sulfate concentrations and sulfur and oxygen isotopic compositions (δ 34 S SO4 , δ 18 O SO4 ; 1 mL). Ferrous iron was fixed immediately using the Ferrozine method (76) , and the absorbance at 562 nm was measured on a spectrophotometer with precision of less than 7 μM between duplicates. δ 13 C DIC was measured by a Gas Source Isotopic Ratio Mass Spectrometer (GS-IRMS Thermo; Delta V advantage; Ben Gurion University) through a Gas Bench II interface with error of 0.1‰. The values are reported vs. the Vienna Pee Dee Belemnite standard. DIC concentrations were measured also on the IRMS according to the peak height and calibration curve with precision of 0.2 mM between duplicates. The sample for sulfate concentrations was purged with N 2 for at least 30 min to remove the sulfide. Sulfate concentrations were measured by HPLC (Dionex DX500; Ben Gurion University) with an error of 3% between duplicates. For sulfur and oxygen isotopes in the sulfate, barite (BaSO 4 ) was precipitated by adding BaCl 2 as described by Antler et al. (50) . The barite was pyrolyzed at 1,450°C in a temperature conversion element analyzer for δ 18 O SO4 analysis, and the resulting carbon monoxide (CO) was measured by continuous helium flow on a GS-IRMS (Thermo Finnegan Delta V Plus; Godwin Laboratory, University of Cambridge). For the δ 34 S SO4 analysis, the barite was combusted at 1,030°C in a flash element analyzer, and the resulting sulfur dioxide (SO 2 ) was measured by continuous helium flow on a GS-IRMS (Thermo Finnegan Delta V Plus; Godwin Laboratory, University of Cambridge). Samples for δ
18
O SO4 were run in replicates (n = 3-5) and the SD of these replicate analyses was used as the error (∼0.3‰ 1σ). The error for δ 34 S SO4 was determined using the SD of the standard NBS 127 at the beginning and the end of each run (∼0.3‰ 1σ). Samples for both δ 
